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Abstract: Negative bias temperature instability of pMOSFETs 
is studied. It is found that there is strong frequency dependence of 
the parameters shift. At a certain high frequency, the threshold 
voltage shift is only about half of that generated by de stress. The 
possible sources of this dependence are explored. An empirical 
model is established based on the reduction of fixed oxide 
charges. This model is further used to explain some observed 
phenomena. 

Index Terms: Negative bias temperature instability, 
pMOSFETs, threshold voltage, interface traps. 

1. INTRODUCTION 
As the trend of scaling of MOSFETs goes hrther, NBTI 

becomes a more prominent issue in the current VLSI 
technology. It may become one of the ultimate limiting factors 
since NBTl is more severe than hot camer stress for ultrathin 
oxides at low electric fields. The degradation of NBTl 
includes the absolute decrease of drain drive current I,, and 
transconductance g, and increase of threshold voltage Vth. 
Compared with other type of devices; pMOSFETs are 
especially vulnerable to NBTI [l]. In MOS circuits, NBTI 
mainly occurs during the on state of inverter operation. The 
decrease in drain current will lead to significant timing issues. 
The degradation of threshold voltage will lead to reduced 
current and frequency degradation of ring oscillators and 
reduced standard random access memoly noise margin [2]. 
Recent studies have shown that a fraction of NBTl degradation 
can be annealed if the applied gate voltage is removed [3-61. It 
was speculated that this kind of annealing effect came h m  
two factors, the interface trap and fixed oxide charge 
reductions. Some models are established to explain this 
phenomenon [7]. In this work, we conduct detailed 
experiments and show that this annealing process can be 
explained by the reduction of fixed oxide charge generated by 
NBTI stress, and this reduction is the dominating factor. 

I I .  EXPERIMENT DESCRIPTION 
Surface channel dual-gate p-MOSFETs with 2.0 nm and 5.0 

nm gate oxide thicknesses are used in this study. The channel 
width is 10.0 pm, and the length is 0.25pm. 

Constant voltage stresses are applied to the gate under dc 
and unipolar-pulsed stresses with source, drain, and substrate 
grounded. For the pulsed stress, the amplitude is identical to 

the dc stress voltage during the pulse "on" phase and was zero 
during the pulse "off phase. The duty cycle is maintained at 
50 %. The stress was periodically interrupted and the drain 
saturation current I,, was measured immediately. 

111. EXPERIMENTAL RESULTS 
During the NBTl stress, the sources that lead to drain drive 

current, Ion, and threshold voltage, Vth, shifts are the fixed 
oxide charges and the interface trapped charges [8] .  According 
to different models proposed for the NBTl generation 
mechanisms, the generation of fixed oxide charges and 
interface traps could be expressed as [9-111: 

Si, = S i - X + A e S i ,  = S i * + E  ( I )  

0, = Si - X + C + p' e 0, E Si' + E  (2) 

Bjnre,:/oee e (DifFusion) 
Si,=Si-X is a trivalent silicon, a defect near the interface. X, 

A, B, and C are unknown neutral species. Si3Si.  is a neutral 
trivalent silicon backboned by three other silicon atoms, 
functioning as an interface trap near the interface. The = 
represents three complete bonds to other Si atoms and the 
represents the fourth, unpaired electron in a dangling bond. 
Interface traps are also known as Pb centers [IZ]. Being 
electrically active defects, interface traps act as 
generationirecombination centers and contribute to the leakage 
current and reduced mobility, drain current and 
transconductance. Electrons or holes can occupy interface 
traps, thus leads to the threshold voltage shift, given by 

cox 
& is the surface potential, Cox is the oxide capacitance per 

unit area. 
O&i+ is a positively charged species, serving as a positive 

fixed charge in the oxide. It may take place at the interface or 
in the oxide close to the interface. Similar to interface traps, 
fixed oxide charges will also lead to threshold voltage sluft by 

1,. and Vlh have similar shift behavior with the NBTI stress, 
which can be explained by the simplest relation between them: 
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1V. DISCUSSION 

One of the possible explanations for the frequency 
dependence is that the damage caused by NBTl during the 
stress on period is reduced or annealed during the stress off 
period. 

W and L are the device channel width and length 
respectively, p is the mobility of minority camers, and VG is 
the gate voltage. However, I,. and Vth are not simply square 
rootly related since there is also mobility degradation during 
the NBTl stress. 

Most of the tests in this work are taken by measuring low 
However, the evaluation of the Vth shift is also performed. Vfh 
is extrapolated from the linear region of the drain current vs. 
gate voltage (ld-VJ measurement [13]. The interface traps 
density change is mbnitored by I,, which is the peak current of 
the conventional charge pumping method [14]. 
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Stress condition: VJ,,c,,=-3.0 V, T=150 "C. 

Fig. 1 shows the AV,h under negative unipolar voltage stress 
with pulse repetition frequencies up to 100 kHz. According to 
this figure, AV,h &hihits significant frequency dependence. 
AV,h decreases as the frequency increases and with a frequency 
of 500 kHz or higher, AV,h is only about half of that under dc 
stress Condition, which is also observed by the other 
researchers [3]. Compared with V,,,, I,, shows the similar 
dependence on frequency, as shown in Fig.?. 
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Fig. 2. The frequeycy dependence of AIoo. 
Stress condition: Vhres;-3.0 V, T=150 "C. 

I loo 

I 

- 
0.1 1 10 100 1000 10000 

Relaxation time (5) 

Fig. 3. The recovery of Ion at different temperatures. 
Stress condition: Vg=-2.0 V, Vd=-0.05 V, total stress time 
=IO00 s. 

We monitored the recovery of I,. in detail as a means to 
evaluate the damage caused by NBTl after the stress 
termination, as shown in Fig.3. Although the monitoring of Vlh 
is more preferable, however we cannot conduct that test as fast 
as I,,, since ld-Vg measurement takes longer time. As pointed 
by some reports, the time between the measurements is critical 
for the study of NBTl [15]. The data in this plot are taken 
every 1 s after the stress terminated. 

Apparently, the I,. recovery data at each test could not fit a 
simple straight line, which implies the existence of multiple 
mechanisms. This is further confirmed by the extrapolated 
activation energy using the data in Fig.3 as shown in Fig. 4. A 
chemical reaction process is related with unique activation 
energy which is the minimal energy needed. 
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Fig. 4. The activation energies extrapolated from data 
in Fig. 3. Two stages are observed. 
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Obviously, the activation energy associated with I,, 
recovery is much higher right after the NBTl stress terminated 
and saturates later, which suggests the existence of at least two 
different processes. The first process has higher activation 
energy, faster annealing rate and happens earlier. The second 
process has lower activation energy, slower annealing rate and 
dominates the later period. The first process may happen so 
fast that we can't get the exact value due to the equipment time 
response limit. The observed decreasing period should be the 
transient period from the first process to the second one. 

Since both reactions (1) and (2) can be reversible, the 
recovery of NBTI could be attributed to the annealing of either 
fixed oxide charges or interface traps, or a combination of the 
two. 

At first, the annealing of interface traps is discussed. It has 
been reported that different from NBTI, which includes both 
interface trap generation and positive charge formation, the 
PBTI only results in interface trap generation, and the final 
saturation level is fixed by the number of defects in the device 
[16]. Thus, the study of the frequency dependence of PBTl 
will reveal the fact if there is annealing of interface traps, as 
shown in FigS. This shows that there is almost no frequency 
dependence of V,h with PBTI, at least in the frequency range 
from dc to 10k Hz. This suggests that the annealing of PBTI, 
or interface traps during the stress off period within each pulse 
is much smaller or negligible. The interface traps generated by 
PBTI and NBTI should be the same as identical devices are 
tested. 
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Fig. 5.  AVth under positive unipolar stress conditions with 
different frequencies, Vstress=+3.0 V, T=150 "C. 

Additional tests are performed to study the annealing of 

In this figure, we compare the aMealed fraction of AI,, and 
interface traps during the strcss off period as shown by Fig. 6. 

They are defined as: 

time t, Vth,", is the initial threshold voltage for a fresh device. 
I,, is defined in a similar way. 

70 1w 

Relaxation time (s) 
Fig. 6. The annealing of Alcp and AVth. 
Stress condition: Vg=-3 V, T=75 "C, total stress time 
=IO00 s. 

If the annealing is mainly associated with interface traps, the 
annealing of AI, will be comparable to that of AVlh. However, 
we see the annealing of AV,, is much larger, thus the annealing 
of fixed oxide charges is dominating. We believe the earlier 
recovery shown in Fig. 1 is related with the annealing of fixed 
oxide charge, which is the product mainly from a chemical 
reaction at the interface, while the later process is because of 
the annealing of interface traps, as it is associated with 
diffusion process, which happens at a lower rate. 

It has been reported that fixed oxide charges could be 
reduced or detrapped with a positive gate bias following the 
NBTI stress [17]. Based on reaction (I), one would argue 
interface traps would show similar behavior. One provable test 
is the bipolar stress test in which the device is stressed with 
negative gate bias and positive gate bias one after another. If 
both fixed oxide charges and interface traps will reduce with 
an alternative gate bias stress, the resulted AVh will reduce 
consequently. However, Fig.7 shows that AV,, under bipolar 
stress is larger. This means that there is not only no reduction 
but also the amount of increase of V,,, induced by increased 
interface traps during the positive bias period could he larger 
than the reduced amount caused by reduction of fixed oxide 
charges. This may hrther suggest that alternative gate bias 
stress will probably not reduce the degradation caused by 
NBTI. 

Here, vth(l,,) is the threshold voltage at 1000 s, at which the 
stress is tumed o f t  VthIll is the threshold voltage measured at 
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As discussed earlier, AV,h consists the change of the fixed 
oxide charge and $erface traps. Thus the reduction of hV,h 
could only come from the reduction or annealing of fixed 
oxide charge. Receht studies have also confirmed that during 
the NBTl stress, the interface traps density is almost 
independent of the gate voltage frequency [ 171. 

Following this argument, we can establish a model to 
explain the frequedcy dependence of NBTI. The parameter 
shift, such as V,, shift, could he expressed as: 

I 

I 

I 1 
AKA(,) =,[.e,@<) +AQ,(,,I (3). 

0.Y I 
AV,,,,, is V,,, shift with unipolar stress. AQ,,(dc, is the 

interface traps chTge with dc stress, AQro is the fixed oxide 
charge changes with unipolar stress and is a function of gate 
voltage frequency. 

For a unipolar stress condition, the fixed oxide charge 
density will increise during the stress on period (LJ, and 
decrease during the stress off period (IoR), as the generation of 
fixed oxide charge can be reversible. By assuming the first 
order kinetics, we can create the following equations. 

I 

I 
I 

I 
I 
I During the nlh stress off period 

v 20 c, ,ox= 2 "m . 100 c. 10.-2 "r" 
0 200 C . t o 6 2 n m  

respectively. 
After a certain 

equilibrium condition, 

to be Qlo. we have 

116 

time, the system will he in a quasi- 

that is e:ax = e,,, . Assuming Q,,, ,,+I 

, -e  T.il e r,," 

To simplify the problem by assuming there is no mobility 
degradation during the NBTl stress, we can directly use this 
model to fit the AI,, data we get at different frequencies, as in 
Fig.8. All the data in this figure are normalized to the dc stress 
data. 
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Fig. 8. The model fitting of AIon with different stress 
conditions and different oxide thickness. 
By this model, we find the parameter shift caused by NBTI 

will he largely reduced in the unipolar stress conditions. And 
this kind of reduction will almost saturate at higher repetition 
frequencies. This can also explain the reason some reports 
didn't observe the independence at higher frequencies [3]. The 
fit parameters are 0.4 s and 1 s for r,2, and qgrespectively. 
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Fig. 9. The measured time constants related with the stress on 
and stress off period. 

In order to experimentally determine the time constants qlH 
and qd we conduct two tests. In these tests, the pulse on (of0 
period is set to he 5 ms and the pulse off (on) period varies 
from 2 ps up to lo4 ms. The total effective (DC) stress time is 
1000 s for both tests. The AV,h is plotted against the pulse 
frequency as in Fig. 9. Based on these tests, r, will be at the 
order of 100 ms, and refwill be at least one order higher than 
r,,,,, which is consistent with our model. 
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V. CONCLUSION 

The root course of the NBTI reduction with unipolar stress 
was discussed. It was found the annealing of NBTl under 
unipolar stress is mainly due to the annealing of fixed oxide 
charge. The annealing of interface traps is a much slower 
process compared with that of fixed oxide charges. A model 
based on the fixed oxide charge generation and annealing is 
established to explain the reduced NBTl under the unipolar 
stress conditions. 
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QUESTIONS AND ANSWERS 

Q: The slope appears dependent on temperature (reference page NBTZ- 
6, graph I t )  which is inconsistent with a diffusion-limited process, is 
something else going on? 

Q:Were plots (reference page NBT2-6, graph 1 I )  also made in log- 
log scale? In log-log scale, are different slopes seen? if log-log plots 
are parallel, cold this indicate diffusion? 
A I will ansu’er these two questions here since they are closely related. 
The reason for the different slopes at different temperature is that we 
platted the data in the linear-logarithm scale for in the clear view. If 
we change the scale into the logarithm-logarithm scale, the slopes are 
quite similar after the initial first step, which is consistent with the 
diffusion-limited process. However, as the paper suggested, we think 
the first step is more important for the model, and the first step is 
based on the reaction process not the diffusion process. 

Q: Is the relaxation measurement (reference page NBTZ-6, graph I I )  
taken at stress temperature? 
A: Yes. Since we couldn’t cool the device in a very short time from 
high temperature to room temperature, those test are taken at the stress 
temperature. 

Q: Is Ion temperature-dependent? 
A: Yes, Ion is dependent on temperature as the mobility, threshold 
voltage, etc. However, when we compare the degradation of Ion, we  
compare them with the relative percentage change, which has eliminate 
temperature factor. 

Q: If you add the two stress component plots (negative, positive) do 
they sum to the total stress plot (bipolar, reference NBTZ-4, graph 8)? 
A: The sum is quite close to the bipolar stress 
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